We measured the contact areas and contact stresses at the post-cam mechanism of a posterior-stabilised total knee arthroplasty when a posterior force of 500 N was applied to the Kirschner Performance, Scorpio Superflex, NexGen LPS Flex Fixed, and NexGen LPS Flex Mobile knee systems. Measurements were made at 90˚, 120˚, and 150˚ of flexion both in neutral rotation and 10˚ of internal rotation of the tibial component. Peak contact stresses at 90˚, 120˚, and 150˚ were 24.0, 33.9, and 28.8 MPa, respectively, for the Kirschner; 26.0, 32.4, and 22.1 MPa, respectively, for the Scorpio; and 34.1, 31.5, and 32.5 MPa, respectively, for the NexGen LPS Flex Fixed. With an internally rotated tibia, the contact stress increased significantly with all the fixed-bearing arthroplasties but not with the NexGen LPS Flex Mobile arthroplasty. The post-cam design should be modified in order to provide a larger contact area whilst avoiding any impingement and edge loading.
Posterior-stabilised total knee arthroplasty (TKA) was introduced in the mid 1970s. 1 The procedure was developed to prevent posterior subluxation of the tibia, as a replacement for a degenerative posterior cruciate ligament, and to improve the range of movement of the knee by allowing femoral rollback. It has been widely used for more than two decades and long-term follow-up studies have reported satisfactory results. [2] [3] [4] However, complications involving the post-cam mechanism, such as dislocation of the knee and fracture or severe wear of the post have been reported. [5] [6] [7] [8] [9] Recently, surgeons have sought a greater range of movement after TKA. 10 It is thought that patients who undergo a posterior-stabilised TKA will achieve a greater range of movement than those who undergo a cruciateretaining TKA because after a posterior-stabilised TKA posterior roll back of the femur is expected 11 and the posterior soft tissue is easily released. Some posterior-stabilised designs have been modified in order to reduce the complications which occur at full flexion of the knee. However, these modifications are mainly focused on the tibiofemoral articulation. Biomechanical studies of deep flexion of the knee have been performed [12] [13] [14] and some have shown that a high anteroposterior shear force is generated at the tibiofemoral joint during deep flexion. [15] [16] [17] There is concern that a higher contact force would be applied to the post-cam mechanism with an increased angle of flexion after a posterior-stabilised TKA. It is important to know what level of contact stress is generated at the post-cam interface but, to date, this has not been investigated.
This study was designed to assess the effects of the post-cam design on contact area, contact stress, and contact location at the post-and cam-mechanism of a posterior-stabilised arthroplasty. Many posterior-stabilised designs are available. In the sagittal plane, many of the cams are oval-shaped, but the direction of the apex of the cam differs. This study investigated three different designs, in which the apex of the cam was orientated distally, posteriorly, or posterodistally. We hypothesised that different directions of the apex would cause different changes in contact stress during flexion of the knee. In the axial plane, the post-cam configurations are grouped in one of two designs, flaton-flat or curved-on-curved. The design in the axial plane would significantly affect contact stress when the tibia is rotated. In this study, the effects of the post-cam design in the axial plane, the effects of mobile bearing, and the effects of the width of the post relative to that of the cam were assessed when the tibial component was rotated.
Materials and Methods
The following posterior-stabilised TKAs were used: Kirschner Performance posterior-stabilised (Kirschner Medical Corporation, Timonium, Maryland, medium size); Scorpio (Figs 1 to 3) . The design characteristics and the dimensions of the post-cam mechanism are shown in Tables  I and II . Each femoral component was attached to a fixture that provided a flexion-extension range from 90˚, 120˚, and 150˚. The tibial component was implanted in a block of metal in the neutral position. The femoral and tibial fixtures were mounted in a parallel-link six-axis actuator (Fig. 4) .
A compressive posterior load of 500 N, parallel to the tibial joint surface, was applied to the tibial component against the femoral component. The position of the femoral component in the sagittal plane was adjusted so that both medial and lateral femoral condyles contacted the tibial articular surfaces. A digital electronic stress sensor (K-Scan sensor, Tekscan Inc., Boston, Massachussetts) was placed at the post-cam interface to measure both contact stress and area. An IBM desktop computer connected to the sensor recorded the stress at each intersection at the point it was scanned. The accuracy of this entire system has been assessed previously. 18 Measurements were performed at 90˚, 120˚, and 150˚ of flexion using the Kirschner, the Scorpio, and the NexGen LPS Flex Fixed components with neutral rotation of the tibial component. Each measurement was performed five times for each component to allow calculation of the variance across the testing conditions. Peak contact stress, defined as the highest stress of all the sensing locations, mean contact stress, and contact area were automatically calculated by the Tekscan software. The centre of the contact area was also detected, and the distance from the deepest part of the upper tibial surface to the centre was measured (Fig. 5 ). Peak contact stress was then measured The parallel-axis six-link actuator. The femoral and tibial components were attached to the fixtures that were mounted in the actuator.
again with the tibial component internally rotated by 10ů sing the Kirschner, Scorpio, NexGen LPS Flex Fixed, and NexGen LPS Flex Mobile components. Contact area, mean and peak contact stress, and contact location were compared for the various components at each angle of flexion. Peak contact stress was also compared between the neutral tibial component and the 10˚ internally rotated tibial component for each component at each angle of flexion. Statistical significance was calculated with both analysis of variance and a post-hoc Scheffe f test. Values for p < 0.05 were regarded as significant.
Results
Contact area. This was measured at three different angles, with the various arthroplasties behaving differently. The Kirschner showed the largest contact area, with more than 65 mm 2 at 90˚ of flexion, an area that was significantly larger than that of both the Scorpio (p = 0.0002) and the NexGen (p < 0.0001) ( Table III) . The Kirschner had a decreased contact area at 120˚ and 150˚ of flexion, which was significantly smaller than that of the Scorpio (p = 0.0001 (120˚), p < 0.0001 (150˚)) and the NexGen (p < 0.0001 (120˚), p = 0.0308 (150˚)). The Scorpio had the largest contact area at 150˚, with up to 60 mm 2 , which was significantly larger than the areas for the other arthroplasties (p < 0.0001). The NexGen showed minimal changes between 40 to 50 mm 2 for the three different angles of flexion. Mean contact stress. Mean contact stress for the arthroplasties showed an opposing trend to that for contact area. The Kirschner had the lowest contact stress, with less than 8 MPa at 90˚ of flexion, which was significantly lower than the stresses for the other arthroplasties (p < 0.0001) ( Table  IV) . The Kirschner and the Scorpio showed the highest contact stresses at 120˚, which was significantly higher than the NexGen (p < 0.0001). At 150˚, the Kirschner showed the highest contact stress, higher than both the Scorpio (p < 0.0001) and the NexGen (p = 0.0189). The Scorpio showed the lowest contact stress at 150˚, which was significantly lower than the stresses for the other arthroplasties (p < 0.0001). The NexGen showed minimal changes with values of between 10 and 12 MPa at the three different angles of flexion. Peak contact stress. Peak contact stresses of between 20 and 35 MPa for the various arthroplasties at the three different angles of flexion were measured. The mean peak stresses were nearly twice as high as the mean contact stresses at the same angle of flexion (Table V) . The Kirschner had the lowest contact stress, with less than 25 MPa at 90˚ of flexion, which was significantly lower than the contact stress for the NexGen (p < 0.0001). The Kirschner showed the highest contact stress at 120˚, which was significantly higher then the stresses for the Scorpio (p = 0.0219) and the NexGen (p < 0.0005). The Scorpio showed the lowest contact stress at 150˚, which was significantly lower than that for the other arthroplasties (p < 0.0001). Contact location. The centre of the contact area with the Kirschner arthroplasty was 5 to 6 mm in height measured from the deepest part of the upper surface of the tibial component (Table VI) . The contact location did not change significantly throughout knee flexion. The location with the Kirschner was significantly higher than for the NexGen at 90˚ (p < 0.0001) and 120˚ of flexion (p < 0.0001). The contact location of the Scorpio was 6.0 mm at 90˚ of flexion, but moved up to approximately 8 mm at 120˚ and 150˚ of flexion. The contact locations at 120˚ and 150˚ were significantly higher than those of the Kirschner (p < 0.0001) and the NexGen (p < 0.0001). The contact location of the NexGen was less than 3 mm and lower than the other arthroplasties at 90˚ and 120˚ of flexion, but moved up to almost 6 mm at 150˚ of flexion. Effect of internal rotation of the tibial components. With internal rotation of the tibial component, the Kirschner, Scorpio, and NexGen LPS Flex Fixed showed an increased peak contact stress compared with neutral rotation at 90f exion (Table VII) . Statistical significance was detected between neutral and internal rotation with the Kirschner (p = 0.0045), Scorpio (p < 0.0001), and NexGen LPS Flex Fixed (p < 0.0001). The NexGen LPS Flex Mobile did not show significantly increased stress with an internally rotated tibial component. At 120˚ of flexion, internal rotation of the tibial component significantly increased peak contact stresses for both the Kirschner and the NexGen LPS Flex Fixed (p < 0.0001) ( Table VII) . The Scorpio and NexGen LPS Flex Mobile showed relatively small increases in stress with internal rotation. When the arthroplasty was flexed to 150˚, peak contact stress with the internally rotated tibial component significantly increased with the Kirschner (p = 0.0006), Scorpio (p = 0.0245), and NexGen LPS Flex Fixed (p < 0.0001), but not with the NexGen LPS Flex Mobile arthroplasty (Table VII) .
Discussion
Posterior-stabilised TKA is one of the most successful procedures in orthopaedic surgery. [2] [3] [4] Recently, however, complications with the post-cam mechanism such as fracture or severe wear of the post have been reported. [5] [6] [7] [8] [9] Numerous studies have analysed contact stresses at the tibiofemoral and patellofemoral joints in patients with a TKA, in order to achieve better wear characteristics [18] [19] [20] [21] [22] but the post-cam mechanism has not yet been fully investigated. It is known that anteroposterior force is not significantly increased during the gait cycle although biomechanical studies have shown that a higher anteroposterior shear force is applied at the normal tibiofemoral joint during deep knee flexion.
12-14 Dahlkvist et al 12 estimated that between 2.3 and 3.0 times body-weight equivalent of tibiofemoral force is applied tangentially to the tibiofemoral joint when squatting, while Nagura et al 13 reported that deep flexion activities generate 58.3% to 67.8% body-weight equivalent of posterior force. It is clearly necessary therefore, to evaluate the effects of high stress in conditions that stimulate deep flexion.
The results of our study show that very high contact stresses, of more than 30 MPa, can be detected at the postcam mechanism of all arthroplasties in deep flexion when 500 N of posterior force is applied. These results suggest that severe wear or fracture of the post might occur with the frequent extreme knee bending which is common in daily activities, even with the current designs of TKA, some of which were specifically designed to allow this degree of flexion.
Our study also shows significant differences in contact stress for the different arthroplasties at different angles of flexion. The Kirschner TKA increased its contact stress from 90˚ to 120˚ of flexion, and then decreased slightly at 150˚ of flexion. The apex of the cam of the Kirschner is orientated posteriorly, has a relatively flat surface on its distal part, a round shape with small radii posteriorly, and gradually increased radii of curvature posteroproximally (Fig.  1b) . These findings suggest that the sharp curve on the posterodistal corner increases contact stress at 120˚ of flexion. The Scorpio showed higher contact stress than the Kirschner at 90˚, almost the same stress at 120˚, and lower stress at 150˚ of flexion. The cam of the Scorpio has increasing radii of curvature and is relatively flat-shaped posteriorly (Fig. 2b) . This explains why this arthroplasty had the largest contact area at 150˚ of flexion among those tested. The NexGen LPS Flex Fixed did not change contact stress at each angle of flexion. The apex of the cam in the NexGen is orientated posterodistally, and the radii of curvature around the apex do not change significantly (Fig. 3b) . This allows the arthroplasty to have a constant contact stress throughout flexion from 90 to 150˚.
The contact location between post and cam is determined by many factors, such as the shape of the cam, the position of attachment of the cam to the femoral component, and the curvature of the posterior femoral condyle. The contact location with the NexGen LPS Flex remained lower than the other arthroplasties at 90˚ and 120˚ of flexion. This feature is beneficial for avoiding excessive stress at the bone-implant interface and to prevent fracture of the post. The Kirschner did not change its contact location significantly during flexion, which is theoretically advantageous in avoiding excessive wear. However, we need to investigate the component under dynamic conditions in order to confirm this theory.
The effect of tibial rotation is an important issue for post and cam contact mechanisms. The tibia is expected to internally rotate with knee flexion both in the normal knee and after TKA. 23 In our study, very high contact stress was observed at the post-cam mechanism of all fixed-bearing arthroplasties when the tibial component was rotated. Stress increased more than twofold compared with neutral rotation. Significant differences still existed, however, between the different arthroplasties. It appeared that contact configuration with a rotated tibia depended upon two factors. First, the width of the post relative to the cam and, secondly the shape of the post. The Kirschner arthroplasty showed a significantly increased peak contact stress with a rotated tibia at 90˚ and 120˚ of flexion, but stress increased by only a relatively small amount at 150˚. The Kirschner post-cam has a curved configuration, which is supposed to accommodate rotation of the tibia. However, it also has a relatively wide post, causing impingement of the edge of the post against the inner surface of the femoral condyle (Fig. 6) . By The Kirschner arthroplasty with an internally rotated tibial component, at 120˚ of flexion. The posterolateral edge of the post impinges on the medial edge of the lateral femoral condyle.
150˚ of flexion, the post does not impinge on the femoral component because of the shallow intercondylar space. The Scorpio increased its contact stress with a rotated tibia, but by a smaller amount than for the other fixed designs. It, too, has a curved post-cam configuration, but the post is sufficiently narrow to avoid impingement. The NexGen Flex Fixed has a flat post-cam design and demonstrated the greatest increase in stress because of edge loading. These results suggest that a flat-shaped post may cause severe wear at the post-cam mechanism during flexion. The role of a mobile bearing on the post-cam contact mechanism is another important issue. Mobile-bearing TKAs were developed in order to produce near-normal kinematics and to have a large contact area. 24, 25 Biomechanical studies have shown its theoretical advantages in tibiofemoral contact stress and knee kinematics. 15, 26 However, no study has investigated the effect of a mobile bearing on the post-cam contact mechanism. The results of our study show that a mobile bearing prevents increased contact stress during tibial rotation and suggest that rotational mobility is important for avoiding severe wear of the post for a knee arthroplasty which has a flat-shaped post-cam design.
Our study has some limitations. The tests were performed on the assumption that all stress was applied at the post. Post-operatively, however, the femoral component does not always make proper contact with the tibial component (lift-off). 27 It is, therefore, difficult to determine the most appropriate situation in which to measure contact stresses at the post-cam mechanism. In our study, a relatively low force of 500 N 12-14 was chosen and any force applied to the tibiofemoral articular surface was ignored. Regardless of these shortcomings, we believe that our study has revealed important information about the post-cam contact mechanism.
It appears that very high contact stress is inevitable at the post-cam mechanism with the current designs of posteriorstabilised TKA components, especially during deep knee flexion. This would suggest that deep bending of the knee should not be recommended for patients after a posterior-stabilised TKA. The shape and apical orientation of the cam can affect contact stress significantly. We consider that the post-cam design should be modified in order to provide a larger contact area whilst avoiding impingement and edge loading.
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